in a particular data set, and it allows the study of complex evolving chemical processes, estimating the number of components, their pure spectra, and their concentration profiles [16] . The MCR-ALS methods have already been applied to UV spectrophotometric data for interpretation of different chemical processes [17] .
In the present study the dependence of the pyrogallol autoxidation process on solution pH in weakly alkaline aqueous solutions similar to physiological systems was analyzed by UV/Vis spectroscopy. Subsequently, a soft MCR-ALS technique was carried out to obtain information about the spectral profiles of each compound in autoxidation process.
Experimental procedure

Materials and apparatus
All chemicals used in this study were of analytical (p.a.) grade. Pyrogallol (1,2,3-benzenetriol) (Fluka, Germany) was used without additional purification because its purity was proved to be satisfactory by HPLC. Deionized, air saturated, water was used and pyrogallol solution with concentration of 0.5 mmol dm -3 were prepared just before the use by dissolving an exactly weighed amount of pyrogallol. Pyrogallol autoxidation was stimulated by mixing pyrogallol solution with equal volume of Tris buffer (100 mmol, pH 7.4 and 8.0).
Evolution 60 UV/Vis spectrophotometer (Thermo Scientific, USA) with 1.0 cm quartz cells was employed for recording spectra in the range from 200-600 nm just after reaction started (t=0) and at 1 min scan range for pH 8.0, and 5 min for pH 7.4.
2.2.
A description of the method applied for obtaining information about spectral and concentration profiles of the chemical species involved in the pyrogallol autoxidation process follows.
Efficient and effective multivariate self-modeling curve resolution method entitled MCR-ALS was developed by Tauler et al. [16] . MCR-ALS has the ability to transform the theoretical solution obtained by factor analysis of the experimental data matrix, D, and to obtain the matrices with real chemical significance C and S T [16] [17] [18] . Eq. 1 represents how the data matrices are modeled with this resolution method.
D=CS
T
+E
( 1) where D is data matrix of the spectra, matrix C (m×p), has column vectors corresponding to the concentration profiles of the p pure components that are present in matrix, D. The row vectors of matrix, S T (p×n), correspond to the spectra of pure p components, and E is the matrix of the residuals. The dimension of both matrices, D and E is m×n. The application of singular value decomposition (SVD) [19] , for estimation of number of involved components (n) in reaction system, is the first step in MCR methods. Preliminary estimation of S T or C is obligatory for iterative MCR methods, like MCR-ALS and it can be calculated by evolving factor analysis (EFA) [20] , by selection of pure variables [21, 22] , or by any previous estimation of them. Alternating least squares (ALS) constrained optimization expressed by Eq. 2 and Eq. 3 goes through an iterative process and for ALS start above mentioned initial estimations are necessary.
where
) are the pseudo-inverse matrices of C and S T , in which the elements of S T or C must be greater or equal to zero [16, 23] . The obtaining of the spectral matrix, S T , and concentration matrix, C, is done with continuous iteration until convergence is achieved.
The convergence is estimated by calculating the relative difference between the values from two consecutive iterations, the so called lack-of-fit. Lackof-fit (LOF) is defined as the difference between the input data, D, and the data reproduced from the product CS T obtained by MCR-ALS [24] . It was assumed that convergence has been reached when the lack-of-fit falls to certain threshold value (usually 0.1%) [18] . LOF value is calculated according to the Eq. 4: The computations were performed in the MATLAB environment (Mathwork Inc., version 7.12) using a MCR-ALS user-friendly interface tool [24] . cases confirm the dependence of pyrogallol autoxidation on pH. Autoxidation at pH 8.0 presented a process more complex than the process at 7.4, with the probable formation of a larger number of autoxidation products. The rapid appearance of a new absorption peak at 324 nm was observed at both pH. Spectral recordings from Fig. 1 for solution A show the appearance of several maxima: Three in the UV region around 250 nm, 280 nm and 325 nm, and one maximum in the visible around 440 nm. Throughout the reaction time there was a continuous increase in absorbance without a changing spectrum appearance. At approximately 120 minutes the reaction was terminated, when there was no change between two spectra recorded by UV/Vis spectrophotometry. At the beginning of autoxidation of pyrogallol at pH 8.0 the process appeared to have a similar mechanism to the autoxidation at pH 7.4. Recorded spectra were like the spectra recorded for autoxidation at pH 7.4, but the reaction was faster. This was the case for reaction times up to 20 minutes. After that time, the reaction started to indicate a different mechanism. The ultraviolet maximum around 320 nm started to decay, while the maxima around 250 nm and 280 nm continued to increase. A new shoulder around 360 nm appeared. The maximum in visible range around 440 nm continue to increase. After 40 minutes the ultraviolet maximum around 290 nm started to decay, and the maximum around 320 nm continued to decay until it finally disappeared. The shoulder around 350 nm became a well defined maximum at the end of reaction. The maximum in the visible region around 440 nm continued to increase. An isosbestic point appeared around 270 nm. After 70 minutes the reaction was finished.
Results and discussion
For obtaining singular values by SVD and for analyzing them, methodology described by Fernandez et al. [25] was used. Table 1 shows singular values obtained by SVD for both pH values. Data for singular values for the process at pH 7.4 show that autoxidation process at pH 7.4 follows a simple mechanism with two absorbing species. For that reason two eigenvalues are significant in the D A matrix. From data presented in Table 1 , it was concluded that three eigenvalues are significant in the D B matrix for the process at pH 8.0. This leads to the conclusion that an intermediate is present in the autoxidation process at pH 8.0.
For the estimation of the absorbance matrix rank scree plot in factor analysis (FA) was used. The rank of the absorbance matrix is equal to the number of UV/Vis absorbing species in the mixture within a time studied [26, 27] . All statistical calculations were performed using Statistica software 8.0 (StatSoft, Tulsa, Oklahoma, USA). Fig. 2 presents scree plots of FA for pyrogallol autoxidation processes for both pH values.
Results from Fig. 2 suggest that for pyrogallol autoxidation at pH 7.4 the rank of the absorbance matrix is two and for autoxidation at pH 8.0 is three. According Application of multivariate curve resolution-alternating least squares (MCR-ALS) for resolving pyrogallol autoxidation in weakly alkaline aqueous solutions to the results obtained the number of eigenvalues is two (autoxidation at pH 7.4) and three (autoxidation pH 8.0). Fig. 3 shows the EFA plot of the pyrogallol autoxidation process for both pH values. Forward analysis of processes explains the variability of spectral data by significant factors. The variability of spectral data is explained by significant factors with forward analysis. The number of chemical species that contribute to the analyzed spectra or of the independent reactions +1 is the number of significant factors that contain information of recorded spectral evolution during autoxidation processes [28] . We concluded, using forward and backward analysis, that process at pH 7.4 at the beginning and in the end of reaction has one absorbing species, while two absorbing species are present during the rest of process.
Forward analysis of data for autoxidation process at pH 8.0, from the very first minutes of autoxidation reveals two significant factors. The presence of two factors from the very beginning of the reaction must be related to two chemical species corresponding to a pyrogallol autoxidation reaction. 35-40 min from reaction start, a new factor becomes relevant, suggesting that another variability source has emerged. This could be associated with the presence of another chemical species active in the UV-visible region. The number of significant factors after 45 minutes were same as in the beginning of process. Backward analysis of data matrix D B reviles similar information.
At this point in the discussion it has been established that at least two chemical species are active in the UV-visible region for the autoxidation process at pH 7.4 and at least three chemical species for the process at pH 8.0. Results obtained from the scree plot (eigenvalues) in FA and EFA plot are the same (log of eigenvalues used in ALS), indicating two and three species. Information about species involved in autoxidation processes can be obtained by MCR-ALS analysis of matrices D A and D B .
Experimental data were processed using a soft MCR-ALS procedure with constraints of non-negativity for concentrations and spectra, and unimodality (concentration profiles). The MCR-ALS resolved two and three species for solutions A and B, respectively. Percentage of lack-of-fit (%LOF) values in both cases were below 1%. The goodness of resolution can be evaluated by considering the Standard Deviance of residuals vs. experimental data (0.0135 for solution A; 0.0042 for solution B), the fitting error (0.681% for solution A; 0.019% for solution B), and the variance . Fig. 4 shows the calculated concentration profiles (C) and relative pure spectra (S T ) for both systems. In solution A only one autoxidation product was detected. Resolved spectra for substance b) for solution A, from Fig. 4 resembles documented spectra from the literature [11, 29] for purpurogallin. Purpurogallin has two ultraviolet absorption maxima around 270 nm and 320 nm, and a visible maximum in the region of 425 nm. The MCR-ALS resolved concentration profiles for the autoxidation process. During the entire process there was continuous decay of pyrogallol concentration (substance a) and increase in the concentration of substance b -most probably purpurogallin. Resolved concentration profiles from Fig. 4 for solution A, suggest that autoxidation of pyrogallol at pH 7.4 follows simple first-order kinetics. However the exact value of the rate constant cannot be obtained using soft MCR-ALS. With the pH increased to 8.0 MCR-ALS resolved different concentration profiles and pure spectra for substances in the autoxidation process, as presented at Fig. 4 for solution B. Apparently three substances appear in this process. Substance a) is pyrogallol, whose concentration decays during entire process. Substance b) most likely is purpurogallin, since it's pure spectrum is almost identical with the spectrum of purpurogallin [11, 29] . The concentration profile of substance b) shows maximum at approximately 35 minutes. After that time its concentration begins to decline and at 70 minutes its concentration drops to almost zero. At approximately 30 min substance c) begins to appear. Its concentration Application of multivariate curve resolution-alternating least squares (MCR-ALS) for resolving pyrogallol autoxidation in weakly alkaline aqueous solutions rises during the subsequent process. Evolution of the concentration profile plots was in agreement with a kinetic model with one first-order reaction for Solution A, and one with two first-order consecutive reactions for solution B. In these kinetic models, however, the possible existence of mixtures of subproducts identified as a single component cannot be excluded. In reaction networks such as the one proposed in this work, the formation of multiple species with the same kinetic profile produces so-called rank deficiency in the spectral matrices measured on them.
Decay of the purpurogallin concentration and the appearance of new species can be attributed to further autoxidation of purpurogallin. Some of the reaction mechanisms suggested in literature discussion [15, 30] are presented on Scheme 1. Autoxidation of pyrogallol (1) goes through quinone to purpurogallin (2). Literature data suggest that formation of a semiquinone radical from purpurogallin is the first reaction species produced in the further autoxidation of purpurogallin. One pathway (I) for further autoxidation is the formation of para-quinone, product 4, through the dianion of purpurogalloquinone (3). A second proposed pathway (II) suggests further oxidation to tropolone-αβ-anhydride (4). In addition, according to literature discussion purpurogallin can oxidise to tropolone-αβ-anhydride via para-quinone (III), but following a different mechanism. The fourth proposed mechanism (not presented) suggests a reaction between pyrogallol and semiquinone radical from purpurogallin. A fifth possible mechanism (not presented) suggests polymerization of purpurogallin, which must arise by coupling of semiquinone radical ions formed in the first reaction step.
One piece of evidence for semiquinone formation is the appearance of a blue color [15] . At pH 8.0 experimental solution never had a blue color. For that reason we discard all pathways where blue colored semiquinone is involved. The concentration profiles presented in Fig. 2 for solution B suggest that after 45 minutes from the start of the reaction all of the pyrogallol has been transformed. The concentration of substance c) from Fig. 4 for solution B continues to rise after 45 minutes, which leads to the conclusion that a mechanism involving reaction between pyrogallol and the semiquinone radical from purpurogallin most probably does not occur under these experimental conditions. Reaction mechanism II from Scheme 1, oxidation to tropolone-αβ-anhydride, requires the formation of oxalic acid as a by-product. Literature data [31, 32] report that oxalic acid has UV absorption, so MCR-ALS will be able to identify and separate it as an independent species. Our analysis determined the presence of only two species after 60 minutes: purpurogallin and substance c). These reactions are not elementary reactions, but rather sequences of reactions converting one isolable substance into another, and their mechanism and intermediates have yet to be elucidated. Concentration profiles from Fig. 3 for solutions A and B show that with an increase of pH the first step of pyrogallol autoxidation, formation of purpurogallin, is accelerated. As previously stated, MCR-ALS has some limitations and cannot give conclusive answers but most probably autoxidation of pyrogallol at pH 8.0 goes through reaction without formation of tropolone-αβ-anhydride, with most probably formation of polymer.
MCR-ALS has not provided unique solutions, but it is possible to impose a "hard" restriction in the optimization step. It will be our aim in future research to apply "hard" and "hybrid hard/soft"-MCR-ALS to this and similar systems.
Conclusion
The autoxidation of pyrogallol was investigated in weakly alkaline solutions in a pH range similar to that in physiological systems. By using MCR-ALS it was possible to estimate the pure spectra of species present in the autoxidation processes in different experimental conditions. It is concluded that autoxidation of pyrogallol Scheme 1. Suggested scheme for the course of reaction for autoxidation of pyrogallol in alkaline aqueous solution from the literature [15, 30] .
A. M. Veselinović, R. S. Nikolić, G. M. Nikolić at pH 7.4 up to 2 h follows a simple mechanism with two UV/Vis absorbing species at all times and with purpurogallin as the final autoxidation product. As for autoxidation of pyrogallol at pH 8.0, for the first 20 minutes the system had two absorbing species, with reaction mechanism similar to the autoxidation at pH 7.4. Reaction to purpurogallin as final autoxidation product was faster than the reaction at pH 7.4. Prolonged reaction at pH 8.0 resulted in further autoxidation of purpurogallin to a product which was most probably purpurogallin polymer. The soft MCR-ALS resolved concentration vs. time profiles for both systems, and these were in agreement with kinetic models with a single first-order reaction at pH 7.4, and with two consecutive reactions at pH 8.0.
